Energy harvesting is an emerging technology with applications to handheld, portable and implantable electronics. Harvesting ambient vibration energy through piezoelectric (PE) means is a popular energy harvesting technique that can potentially supply 10 to 100's of µW of available power [1] . One of the limitations of existing PE harvesters is in their interface circuitry. Commonly used full-bridge rectifiers and voltage doublers [2] severely limit the electrical power extractable from a PE harvesting element. Further, the power consumed in the control circuits of these harvesters reduces the amount of usable electrical power. In this paper, a bias-flip rectifier that can improve upon the power extraction capability of existing full-bridge rectifiers by up to 4.2× is presented. An efficient control circuit with embedded DC-DC converters that can share their filter inductor with the bias-flip rectifier thereby reducing the volume and component count of the overall solution is demonstrated. Figure 17 .6.1 shows a conventional full-bridge rectifier circuit together with the implemented bias-flip rectifier circuit. The PE element when excited by sinusoidal vibrations can be modeled as a sinusoidal current source in parallel with a capacitance C P and resistance R P [1] . The output capacitor C RECT is large compared to C P . The main limitation of the full-bridge rectifier is that, even when ideal diodes are considered, most of the current available from the harvester does not go into charging the output capacitor C RECT at high values of V RECT . At every half-cycle, when I P changes direction, current first has to go into the capacitor C P to charge it up from -V RECT to +V RECT , or vice-versa, before it can flow into the output. The shaded portion of the current waveform in Fig.  17 .6.1 shows the time spent in charging or discharging C P every half-cycle. This loss in charge limits the amount of electrical power that can be extracted using the full-bridge rectifier.
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The bias-flip rectifier consists of an inductor L SHARE which is connected in parallel with the PE harvester. The switches M 1 and M 2 are turned ON for a brief time when I P crosses zero in either direction. When the switches are ON, the inductor helps in flipping the voltage V BF across C P . The series resistance along the L SHARE , C P resonant path limits the magnitude of this voltage inversion.
After the switches open, the PE current I P needs to supply a smaller amount of charge to C P to bring it up to ±V RECT . This significantly improves the power extractable from the harvester. The output power that can be obtained with the bias-flip rectifier is dependent on the PE harvester being used and can be given by,
where V P = I P /ω P C P , Q P = ω P C P R P and Q L is the Q-factor of the L SHARE , C P resonant network. Eq. (1) shows that there is an optimal value of V RECT for maximal power transfer. A non-linear assessment of using an inductor to improve the power output of PE harvesters in a macro scale is given in [3] . A further advantage of the bias-flip rectifier scheme is that it pushes the optimal voltage for power extraction to be higher than that obtained using only a full-bridge rectifier, thereby reducing the effect of the losses which occur when diode non-idealities are introduced. In systems where it is prohibitive to use an inductor to improve power output, a switch-only rectifier scheme where L SHARE , M 1 and M 2 are replaced by a single switch, can give up to 2× improvement in the extracted power. 
